The zygomycete Phycomyces blakesleeanus has a 30 Mb genome with a 35 % content of guanine and cytosine (GC). We determined the GC content in Phycomyces genes and fragments of genes available in public databases, the frequency of nucleotides in each codon position, and the codon usage. We observed a difference of 18 % between the GC content of protein-coding and non-coding DNA. This large difference allowed the visualization of protein-coding DNA by plotting the GC content along a segment of Phycomyces DNA. We have identified a high GC DNA segment linked to the pyrG genes of the zygomycete genera Phycomyces, Mucor, and Blakeslea that corresponds to the 3k end of the gene responsible for the protein kinase C.
INTRODUCTION
The zygomycete Phycomyces blakesleeanus has served as a model organism to investigate the sensory physiology of its giant sporangiophores and the genetics and regulation of carotene biosynthesis (Cerda´-Olmedo & Lipson 1987 , Corrochano & Cerda´-Olmedo 1992 , Cerda´-Olmedo 2001 . Despite the use of Phycomyces in laboratories for more than a century, gene cloning and genomic investigations have been scarce. Phycomyces has a genome of 30 Mb and an average guanine and cytosine (GC) content of 35 % (Dusenbery 1975 , Avalos, Corrochano & Brenner 1996 . The presence of repetitive DNA has been documented in the Phycomyces genome : a sequence of 31 bp comprising 5% of the genome has been described (Avalos et al. 1996) , and several copies of transposable elements have been cloned (Avalos et al. 1996 , Ruiz-Pe´rez, Murillo & Torres-Martı´nez 1996 . The sequencing of a number of Phycomyces genes has revealed that the GC content of Phycomyces protein-coding DNA is approximately 50 %, 15% higher than the 35 % average GC content. The high GC content of Phycomyces protein-coding DNA has been indirectly confirmed. A Phycomyces genomic library obtained with a restriction enzyme recognizing a GC rich target (MspI, recognition sequence 5k-CCGG-3k) was compared with a genomic library obtained after randomly shearing genomic DNA. The MspI library was enriched in protein-coding sequences as shown by a high number of clones with similarities to other sequences in the public DNA databases compared to the number of identified clones in the random genomic library (Avalos et al. 1996) .
GC content in coding and non-coding DNA, codon usage, and other DNA composition parameters are useful tools to investigate the mutational and selective forces shaping the DNA sequences of fungi. Unfortunately, very little is known about the DNA composition of fungi that are less well-represented in DNA databases despite their potential interest to evolutionary investigations. In order to expand our knowledge of the DNA composition in Phycomyces, we determined the GC content and other DNA composition indexes in Phycomyces genes and fragments of genes available in public databases. We found an 18% difference in GC content between protein-coding and non-coding DNA. This difference was large enough to allow the visualization of protein-coding DNA by plotting the GC content along a segment of Phycomyces DNA. We identified a high GC DNA segment in Phycomyces and other zygomycete fungi corresponding to the 3k end of the gene responsible for the protein kinase C.
MATERIALS AND METHODS
Fungal DNA sequences were retrieved from the EMBL/GenBank database in July 2003. Phycomyces ribosomal DNA, repetitive DNA, and DNA from transposable elements were disregarded since their composition may reflect folding constraints or different evolutionary origins. GC content in DNA, GC plots, and codon usage were obtained using the computer programs composition, window, statplot, and codonfrequency of the Wisconsin Package Version 10.2 (Genetics Computer Group (GCG), Madison, WI). Window length was set at 100 nucleotides with a shift increment of three nucleotides. Additional codon usage tables were obtained from the Kazusa DNA Research Institute in Japan (http://www.kazusa.or.jp/codon/; Nakamura, Gojobori & Ikemura 2000) . Nucleotide frequency in each codon position was determined with the program codonW obtained from ftp://molbiol.ox. ac.uk/cu/codonW.tar.Z (John F. Peden, unpubl.) .
The zygomycete protein kinase C coding sequences were predicted by similarities to other protein kinase C in the protein databases using the program BLASTX (Altschul et al. 1997) . For sequence alignments we used the program Clustal X (Thompson et al. 1997) . All programs used default parameters.
RESULTS

DNA composition
The number of Phycomyces genes available in public databases is small: only ten Phycomyces genes have been fully characterized, including the location of their 5k-and 3k-ends and their introns. Additionally, 18 segments of Phycomyces genes and cDNAs are stored in public databases. The GC content of Phycomyces DNA in public databases is shown in Table 1 . The average GC content in protein-coding DNA is 48 %, much higher than the average GC content in non-coding DNA (30 %). DNA corresponding to introns has a similar average GC content (29 %) to that of the 3k-end of Phycomyces genes (30 %), but slightly lower than the average GC content of the 5k-end of Phycomyces genes (34 %). The nucleotide at the silent third codon position may change more freely than those on other codon positions due to lower selective constraints. It is then remarkable that the GC content at the silent third codon positions in Phycomyces is 51.3 %, similar to the average GC content of coding DNA but very different of the average GC content of non-coding DNA (30 %). Table 2 contains a more detailed description of the nucleotide frequency at each codon position in Phycomyces protein-coding DNA. Purines are most frequent in the first codon position (60.7%) and pyrimidines are most frequent in the third codon position (65.7%), a trend that has already been noted in other genomes (Shepherd 1981 , Jukes 1996 . The GC content in the first, second, and third codon position is 54.9, 40.9 and 53.2 %, respectively, not very different to the GC content in the first, second, and third codon position in other zygomycete and ascomycete fungi (49.66, 38.3 and 46.2 % in Mucor circinelloides ; 49.78, 45.41 and 41.79 % in Rhizopus arrhizus ; 57.64, 45.1 and 65 % in Neurospora crassa; 56.57, 43.21 and 57.68 % in Aspergillus nidulans). The strong preference for pyrimidines in the third position of the codons results in a biased codon usage were pyrimidine-ending codons are preferred over purineending codons for four-codons amino acids, with G as the less preferred nucleotide (Table 3) . Curiously, the favourite stop codon in Phycomyces genes is TAA (10 out of 12 stop codons sequenced), the only GC-free stop codon.
The 18 % difference in GC content between proteincoding and non-coding DNA was large enough to allow the visualization of protein-coding DNA by plotting the GC content along a segment of Phycomyces DNA. We prepared plots of GC content along the DNA for all the Phycomyces genes present in public databases. The plots included the positions of proteincoding DNA and introns for every gene (Fig. 1) . The position of most protein-coding DNA and introns in Phycomyces genes could be detected by their difference in GC content using a GC plot. A notable exception was the last exon of gene facA, which has a GC content of 30 %, similar to that of most introns. a Average percentage of GC in protein-coding DNA, non-coding DNA (introns, 5k-and 3k-end of genes), and each separate type of non-coding DNA, and the standard error of the mean. 5k-end refers to the sequence 5k to the initiator AUG. 3k-end refers to the sequence 3k to the stop codon.
b The EMBL accession numbers of the Phycomyces DNAs are the following: AB003043, AJ418044, AJ297414, X58371, AJ420743, AJ420742, AF157275, AJ287184, AJ311755, AJ278287, AB046690, AJ276965, AB003120, AB003119, AB003118, AB003117, AB003116, AB003124, AB003123, AB003122, AB003121, X78434, Z58826, Z49760, X53601, X53090, Z46636, M94729, M23177. Every exon was treated as an independent DNA segment.
c Total DNA length in base pairs for each sample. A high GC DNA segment for the zygomycete protein kinase C
The DNA sequence downstream of the pyrG gene had a region of high GC content suggesting the presence of an unidentified protein-coding DNA (Fig. 1 ). This DNA region was translated in the six possible frames and searched for similarities in the protein database using the program BLASTX. The translation of Phycomyces DNA in the x3 frame contained a segment of 86 amino acids very similar to the carboxyl end of the protein kinase C of several fungi and animals. The corresponding gene was indicated in the GC plot for the pyrG gene and named pkcA (Fig. 1) .
To enquire if the pkcA gene was also linked to the pyrG gene in other zygomycete fungi, we plotted the GC content of the pyrG genes and surrounding DNAs of Phycomyces blakesleeanus, Mucor circinelloides, Rhizopus arrhizus, and Blakeslea trispora (Dı´az-Mı´nguez et al. 1990 , Benito et al. 1992 , Skory 2002 , Quiles-Rosillo et al. 2003 . A segment of DNA with a high GC content was also detected linked to the pyrG genes of Mucor, and Blakeslea (Fig. 2) . As expected, a search for protein-coding DNAs using those DNA segments identified the 3k-end of the gene encoding a protein kinase C (Fig. 3) .
DISCUSSION
Protein-coding DNA of the zygomycete Phycomyces blakesleeanus available in public databases has an average GC content of 48 %, 18 % higher than the average GC content of the non-coding DNA (30 %). We used a limited number of sequences (Table 1 ), but our figures are similar to the average GC content for coding DNA described for a Phycomyces set of partial genomic libraries (46 %) (Avalos et al. 1996) and to the GC content and codon usage obtained with each cloned gene. In comparison, the genome of the ascomycete Neurospora crassa has a GC content of 56.02 % for exons, only 9.95 % higher than the GC content for non-exon DNA (46.07 %) in a genome with an average GC of 49.87 % (Galagan et al. 2003) . A dataset of human genes contained 60.59 % GC in exons and 52.17 % GC in introns, an 8.42 % difference (Burset & Guigo´1996 ;  http://www1.imim.es/GeneIdentification/Evaluation/Index.htm). In Neurospora, the GC abundance in coding DNA seems to be due to the low frequency of A or T in the third position of the codons (Edelmann & Staben 1994) . In addition, a preference for pyrimidines in the third codon position has been observed in the Neurospora codon usage (Radford & Parish 1997) . We found a preference for pyrimidines in the third codon position in Phycomyces genes, but the GC content in Phycomyces and other fungal protein-coding DNAs is high in the first and third codon positions. It is of interest that the GC content at silent third codon position is 51.3 %, 21 % higher than the 30% average GC content of non-coding DNA, suggesting a constrain in the possibilities of change in this codon position. No extensive survey of the GC content in coding and non-coding DNA has been performed in fungi, and this will be essential to assess if the high GC bias that we have uncovered in Phycomyces occurs in other fungal genomes and to propose a plausible explanatory hypothesis.
The difference in GC content between protein-coding and non-coding DNA (GC bias) can be visualized with computer programs used to display GC content along a window of DNA sequence. The GC plots showed a correspondence between areas of high GC content and protein-coding DNA. Introns, 5k-ends, and 3k-ends of genes were in most cases revealed by their low GC content.
The high GC content of the Phycomyces proteincoding DNA could help to predict the presence of an open reading frame in a DNA sequence. We observed a region of high GC content downstream of gene pyrG in Phycomyces, Mucor, and Blakeslea that suggested the presence of an unidentified protein-coding DNA (Figs 1-2) . A computer search identified this segment as the 3k-end of the protein kinase C gene (pkcA). This observation suggested that a similar GC bias may be found in other zygomycete protein-coding DNAs.
The differences in GC content that we have uncovered in a small group of Phycomyces genes may also be present in other fungi. Further understanding of fungal DNA composition could play a valuable role in current efforts to sequence and annotate different fungal genomes. The frequency of each codon in a synonymous codon group is shown. The amino acids leucine, arginine, and serine are specified each by six codons. In these cases, the numbers correspond to the frequency of each codon in either a four or two codon group. The EMBL accession numbers of the Phycomyces genes and gene fragments are indicated in Table 1 . Fig. 3 . A fragment of the protein kinase C. The fragment corresponds to the carboxyl-end of the protein kinase C protein of Phycomyces blakesleeanus, Mucor circinelloides, Blakeslea trispora, Aspergillus niger, and Homo sapiens. The numbers in the Phycomyces, Mucor, and Blakeslea proteins correspond to the available amino acid sequence. Amino acids conserved in 3/5 of the positions are boxed. EMBL accession nos. : X53601 (Phycomyces blakesleeanus pyrG), M69112 (Mucor circinelloides pyrG), AJ534694 (Blakeslea trispora pyrG), U10549 (Aspergillus niger pkcA), and AL136381 (Homo sapiens protein kinase C gene).
